Nur77, an orphan member of the nuclear receptor superfamily, plays critical roles in inflammation and immunity. However, the role of Nur77 in tumor microenvironment remains elusive. Results showed that deletion of Nur77 strikingly enhanced tumor metastasis compared to WT mice. Additionally, compared to the conditioned media derived from Nur77 +/+ peritoneal macrophages (CM1), the conditioned media derived from Nur77 -/-peritoneal macrophages (CM2) significantly promoted the EMT of cancer cells, and greatly enhanced the migratory and invasive abilities of cancer cells. Moreover, studies using TNF-α blocking antibody demonstrated that pro-inflammatory cytokine TNF-α was indispensable in supporting CM2-induced EMT to drive cancer cells migration and invasion. Furthermore, we found that Nur77 promoted the expression of CSF-1R, a novel downstream target gene of Nur77, and subsequently enhanced the migration of inflammatory cells. Notably, infiltration of inflammatory cells in the tumors of Nur77 -/-mice was markedly abrogated compared to Nur77 +/+ mice. Collectively, these results revealed that host Nur77 expression was pivotal in antitumor immune response, and in inhibiting tumor metastasis.
Introduction
Tumor microenvironment (TME) comprises an abundance of inflammatory and immune cells, and inflammatory mediators, all of which collaborate in the development and progression of cancer [1] . Evidence increasingly suggests that aberrant inflammation mediated by inflammatory and immune cells, such as macrophages, dendritic cells, and lymphocytes, is associated with an increased risk of human diseases including cancer [2, 3] . Inflammatory and immune cells in TME can lead to an antitumor response or pro-tumor support of growth, survival, invasion, and metastasis through secretion of several cytokines, including tumor necrosis factor-alpha (TNF-α) [1, [4] [5] [6] [7] . Increased TNF-α levels have been observed in patients with ovarian and breast cancer [8, 9] , and is important in promoting tumorigenesis and metastasis. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
These studies indicate that inflammatory and immune cells in the TME have a vital role in cancer development and progression. However, the underlying regulatory mechanism of inflammatory and immune cells in tumor development and progression remains unclear.
Nur77 (also known as TR3, NGFIB, or NR4A1), an orphan member of the nuclear receptor superfamily, serves as an important regulator in cancer and inflammatory diseases [10] [11] [12] [13] . Elevated Nur77 expression is often observed in cancer including colorectal cancer, bladder cancer and pancreatic cancer [14] [15] [16] [17] , indicating that Nur77 acts as a tumor promotor to drive cancer cell growth and metastasis. For example, overexpression of Nur77 in colorectal cancer promotes cancer cell invasion and metastasis by regulating MMP-9-dependent E-cadherin reduction [15] . In pancreatic and colorectal cancers, knockdown of Nur77 significantly inhibits cell growth [14, 17] . Conversely, many studies have suggested that Nur77 plays a protective role in inflammatory diseases. For example, mice lacking Nur77 expression accelerated atherosclerosis via regulation of the polarization of macrophages [18] . We recently also reported that Nur77 deficiency in elderly mice leads to systemic inflammation [19] , and lack of Nur77 increases the susceptibility of mice to LPS-induced sepsis and DSS-induced inflammatory bowel disease (IBD) by modulating Toll-like receptor (TLR) signaling [20, 21] . Mounting evidence has shown that chronic, persistent inflammation contributes to all stages of tumor development, so the question arises as to whether Nur77 deficiency in inflammatory and immune cells regulates tumor development.
To establish the role of Nur77 in TME, tumor metastatic spreading was investigated in an in vivo metastasis model in wild-type (Nur77 +/+ ) mice and Nur77 -/-mice. Our results showed that expression of host Nur77 was a critical factor in antitumor metastasis because in its absence metastatic spreading was greatly accelerated. Furthermore, our study revealed two potential key mechanisms by which the absence of Nur77 expression in inflammatory cells drove cancer cells invasion and metastasis. On one hand, lack of Nur77 in macrophages promoted inflammatory cytokine TNF-α production, which stimulated cancer cells to undergo EMT and endowed them invasive properties. On the other hand, Nur77-deficient macrophages had low tumor-infiltrating migratory ability due to downregulation of CSF-1R expression, a novel target gene of Nur77. Altogether these results unveil a novel function of Nur77 in regulating tumor invasion and metastasis.
Mice
Nur77 +/+ and Nur77 −/− mice were purchased from the Jackson Laboratory. All mice were maintained in a specific pathogen-free environment with a 12-hour/12-hour light-dark cycle at the Laboratory Animal Center in Soochow University (China), and were provided with normal laboratory pellet diet and water. The mice feed was sterilized by irradiation with 60Co-γ ray. All of the experiments were designed in strict accordance with the guidelines of the Animal Care and Use Committee of Soochow University. Animals were monitored daily by the animal facility caretakers and weekly by a staff veterinarian. Mice that became unexpectedly ill or exhibited signs of distress were removed from the study, anesthetized then sacrificed by cervical dislocation.
In vivo experiments were performed with Nur77 +/+ and Nur77 −/− mice in accordance with the guidelines of the Animal Care and Use Committee of Soochow. A total of 0.5 × 10 6 B16 cells were intravenously injected into WT (Nur77 +/+ ) mice and Nur77 -/-mice (C57, SPF grade, 11 months, male). Six weeks after tumor cell administration, the mice of each group were sacrificed by cervical dislocation. Tumor nodes on lung or liver were counted and showed by H&E staining.
Isolation of peritoneal macrophages and collection of conditioned media
Peritoneal macrophages were isolated as described recently [21] . Briefly, mice were injected intraperitoneally (i.p.) with 2 ml of 4% thioglycolate (Sigma) for 3 d, then we washed the peritoneal cavity with ice-cold DMEM and the cells in the peritoneal exudates were isolated. Collected cells were incubated in a humidified atmosphere containing 5% CO 2 at 37˚C for 4 h, and adherent cells were harvested as peritoneal macrophages. The peritoneal macrophages were continually cultured with media for 3 day, and then conditioned media (CM) was harvested.
Western blot and immunofluorescence staining
Western blot was performed as recently described [22, 23] . Briefly, the protein from cell lysates were separated by 8%-10% SDS-PAGE gel, and then the divided proteins were transferred to a PVDF membrane (Millipore). Protein expression was detected using primary and secondary antibodies, and visualized using enhanced chemiluminescence reagents and autoradiography. Cells for immunofluorescence staining were grown and stained as previously described [24] . The images were taken with a Nikon ECLIPSE Ni scope with color camera and were processed by NIS-Elements D 4.10.00 software.
RNA extraction and qPCR analysis
The total RNAs were extracted using TRIzol LS (Invitrogen). The reverse transcriptional reaction was performed using RevertAid™ First Strand cDNA Synthesis Kits (Fermentas). qPCR was performed using Power SYBR 1 Green PCR Master Mix (TaKaRa, Japan). Normalization 
CSF-1R promotor constructs and luciferase assays
The sequence of CSF-1R promotor was obtained from human genomic DNA isolated from HEK293T cells and inserted into KpnIand XhoI sites of pGL3-basic luciferase reporter vector. The activity of luciferase reporter was determined in HEK293T cells 36 h after transfection of the indicated plasmids. Each transfection also included β-galactosidase (β-gal) for normalization of luciferase activity.
Chromatin immunoprecipitation (ChIP)
ChIP was performed as previously described [14] . Briefly, cells were cross-linked with 1% formaldehyde (Sigma) for 10 min at room temperature and then quenched with 125 μM glycine and incubated for 5 min at room temperature. Cross-linked chromatin was sheared to an average length of 500 bp through sonication and subjected to immunoprecipitation with antibodies against anti-Myc tag antibody or with nonimmune IgG as controls overnight at 4˚C, followed by incubation with protein A beads (GE Healthcare) for 2 h. After washing and elution, the protein-DNAcomplex was reversed by adding NaCl and proteinase K for 2 hours at 65˚C. Immunoprecipitated DNA was purified by using QIAquick spin columns (Qiagen) and analyzed by qPCR. All ChIP qPCRs were performed at least three times and representative results are shown. Primers with the following sequences were used: forward 5 0 -TAACGGTCTGGCTGCTCTTG-3 0 and reverse 5 0 -AGCTAAGTTTGGGGCCCTTC-3 0 .
Transwell migration and Matrigel invasion assays
For transwell migration assay, 5 × 10 4 CT-26 cells in 500 μl serum-free DMEM medium were added to the apical chamber, and the basal chamber was filled with 500 μl conditioned media. 
Statistical analysis
Each assay was performed in three independent experiments. Data were presented as mean ± s.d. Statistical significance was analyzed using Student's t test (unpaired, two-tailed) and p < 0.05 was considered statistically significant.
Results

Accelerated tumor metastasis in Nur77-KO mice
We recently reported that lack of Nur77 increased inflammatory response and contributed to the development of inflammatory diseases including IBD and sepsis [19] [20] [21] . Given that aberrant inflammation is implicated in cancer development, we thus hypothesized that host Nur77 deletion might facilitate tumor progression. To test this hypothesis, we injected B16 mouse melanoma cells into the lateral vein in the Nur77 +/+ and Nur77 -/-mice. We found that host genetic deletion of Nur77 in mouse markedly promoted tumor metastasis as revealed by increased macroscopically-visible metastases in the livers and lungs of the Nur77 -/-mice 4 weeks after inoculation of B16 cells (Fig 1A and 1B ) and developed more liver and lung micrometastases ( Fig 1C and 1D ) compared with Nur77 +/+ mice. In a subcutaneous xenograft model, the increased spontaneous metastases to the liver and lung were observed in Nur77 -/-mice (n = 6) after B16 melanoma inoculation (magnification: ×40). (E and F) Migration (E) and invasion (F) assays were performed in CT26 mouse colon carcinoma cells treated with conditioned media derived from Nur77 +/+ peritoneal macrophages (CM1) or conditioned media derived from Nur77 -/-peritoneal macrophages (CM2). Representative images are presented (E and F, top; magnification: ×100) and the relative number of migratory cells (E, bottom) and invasive cells (F, bottom) were counted. Statistical significance was determined by a two-tailed, unpaired Student's t test. *p < 0.05, **p < 0.01. 
CM from Nur77 -/-peritoneal macrophages promotes tumor cells migration and invasion
We have previously demonstrated that Nur77 deficiency in mice leads to systemic inflammation [19] . Therefore, we posited that host Nur77 deletion could promote tumor metastasis by Nur77-mediated inflammation. Interestingly, starting after 24 h of treatment with conditioned media (CM) derived from peritoneal macrophages of Nur77 +/+ and Nur77 -/-mice, we observed that the conditioned media derived from Nur77 -/-peritoneal macrophages (CM2)
significantly enhanced the migratory ability of CT26 mouse colon carcinoma cells compared with the conditioned media derived from Nur77 +/+ peritoneal macrophages (CM1) (Fig 1E) .
In agreement with this result, invasion assay revealed that CM2 potently enhanced CT26 cells invasive property (Fig 1F) . These results suggested that inflammation elicited by lack of Nur77 likely contributed to tumor cells migration, invasion and metastasis.
TNF-α is required for CM2-mediated EMT of tumor cells
Since host Nur77 deletion is involved in tumor cells metastasis, it is possible that host Nur77 deletion may regulate EMT, which is a key event in tumor metastasis. Thus, we analyzed the effect of conditioned media derived from Nur77 +/+ and Nur77 -/-peritoneal macrophages on the expression of E-cadherin, an epithelial marker, and vimentin, a mesenchymal marker, both of which are important for the EMT process. Our results showed that treatment of B16 and CT26 cells with CM2 significantly reduced E-cadherin expression, but increased Vimentin expression compared with CM1 (Fig 2A) , which were further validated by immunofluorescence staining (Fig 2B) , Together, these results indicate a crucial role of host Nur77 deletion in regulating the EMT of cancer cells. Inflammatory cytokines in TME contribute to tumor progression [25] . Interestingly, using an antibody against TNF-α in CM, we found that TNF-α blocking antibody greatly inhibited CM2-induced EMT. As shown in Fig 2C, treatment of CT26 cells with CM2 markedly induced E-cadherin losses and Vimentin increases, which were potently reversed by the TNF-α blocking antibody, thus suggesting that the inflammatory cytokine TNF-α was responsible for CM2-induced EMT. Indeed, the addition of TNF-α to CM1 greatly induced E-cadherin reduction and vimentin upregulation (S2 Fig), which is similar to that of CM2.
We further examined whether inhibition of TNF-α was involved in CM2-driven invasive behavior of tumor cells. Results from invasion assays showed that CM2 significantly enhanced the invasive ability of CT26 cells. However, CM2 showed only a limited effect on CT26 invasion upon treatment with TNF-α blocking antibody (Fig 2D, top) . These findings were also summarized in Fig 2D, bottom. Together, these results suggested that lack of Nur77 in macrophages activated EMT and promoted tumor cells migration and invasion through regulating the secretion of the inflammatory cytokine TNF-α.
Lack of inflammatory cells infiltrate in tumors from primary B16 melanoma in Nur77 -/-mice
Tumor-infiltration by inflammatory cells is a constant feature [1, [4] [5] [6] [7] . Unexpectedly, histology of B16 tumors from Nur77 -/-mice showed very little inflammatory cells accumulation. As
shown Fig 3A and 3B , we stained the B16 tumors from Nur77 +/+ and Nur77 -/-mice with anti-CD3 and anti-F4/80 antibodies to respectively highlight the presence of T lymphocytes and macrophages/DCs, and found that both T lymphocytes and macrophages/DCs showed a massive accumulation in the tumors of liver metastases in Nur77 +/+ mice, while the percentage of both these inflammatory cells in the tumors of liver metastases was significantly reduced in Nur77 -/-mice. Consistent with these results, reduced infiltration by these inflammatory cells was observed in the tumors of lung metastases in Nur77 -/-mice compared with Nur77 +/+ mice (Fig 3C and 3D) . In subcutaneous xenograft model, it was also observed that B16 melanoma growing in the Nur77 -/-mice lacked T lymphocyte and macrophage infiltration (S3 Fig) .
Together, these data suggest that absence of inflammatory infiltrate may accelerate tumor metastasis in the Nur77 -/-host due to inefficient immune response.
Macrophages lacking Nur77 have impaired migratory ability
Given that lack of inflammatory cells infiltration in Nur77 -/-mice was so striking, we thus hypothesized that Nur77 deletion might cause a more profound defect in inflammatory cells migration. We first performed an in vitro wound healing experiment with peritoneal macrophages from Nur77 +/+ and Nur77 -/-mice. As shown in Fig 4A and 4B , the peritoneal macrophages were layered in a culture dish and, after reaching confluence, the monolayer was wounded with a pipette tip. The peritoneal macrophages from Nur77 +/+ mice migrated from both sides of the wound and within 24 hours reestablished continuity of the monolayer. However, the peritoneal macrophages from Nur77 -/-mice were unable to repopulate the wound within 24 hours, which was consistent with the observations made in the migration assay ( Fig  4C and 4D) . Conversely, overexpression of Nur77 significantly enhanced macrophage migration (S4 Fig). Collectively, these results suggested that lack of Nur77 significantly reduced the ability of macrophages migration.
CSF-1R is a novel target gene of Nur77 in monocytes and macrophages
It has been shown that the colony-stimulating factor-1 (CSF-1) and its receptor CSF-1R sustain monocytes/macrophages survival, proliferation, and motility, and also contribute to tumor progression [26, 27] . Thus, we hypothesized that Nur77 might affect the migratory ability of macrophages by regulating CSF-1R expression. Interestingly, we found that the mRNA (Fig 5A) and protein ( Fig 5B) levels of CSF-1R were significantly decreased in peritoneal macrophages from Nur77 -/-mice as compared to peritoneal macrophages from Nur77 +/+ mice.
On the contrary, overexpression of Nur77 in RAW264.7 mouse macrophages greatly enhanced CSF-1R mRNA ( Fig 5C) and protein (Fig 5D) levels in a dose-dependent way. Moreover, we observed the luciferase activity of CSF-1R promotor was dose-dependently enhanced by Nur77 (Fig 5E) . These results indicated that Nur77 induced CSF-1R expression at the transcriptional level. Because Nur77 often functions as a transcriptional factor to bind its target genes' promoter regions and regulate their expression [15, 28] , we speculated that Nur77 might bind CSF-1R promoter region to modulate its expression. To test this hypothesis, we performed chromatin immunoprecipitation assays to analyze the ability of Nur77 protein to bind to CSF-1R promoter. Expectably, our results showed that Nur77 binding increased significantly on the CSF-1R promotor region in Nur77-overexpresssed cells compared with vectoroverexpressed control cells (Fig 5F) . Next, it was determine whether CSF-1R is involved in macrophage migration. Interestingly, blockage of CSF-1R function using CSF-1R-specific antibody significantly impaired the migratory ability of macrophages (Fig 5G and 5H) , indicating that CSF-1R mediates macrophage migration. Taken together, our results indicated that CSF-1R is a target gene of Nur77, and may contribute to Nur77-mediated motility of macrophages.
Discussion
Tumor metastasis is the major cause of human cancer death, and involves the detachment and exudation of cancer cells from the primary tumor, dissemination to distant organ sites and adaptation to foreign environments [29] . Each of these processes is dictated by the cooperation between tumors and their microenvironment. Although various inflammatory and immune cells are enriched in the TME, they fail to exercise anti-tumor effector functions, and thus promote tumor growth and metastasis [1, 2, 30] . The underlying mechanisms of the inflammatory and immune cells in TME that drive tumor development and progression are important issues that need to be further examined. In this study, we investigated the role of host Nur77 in antitumor response. Our results revealed that the expression of host Nur77 is required for its antitumor response. Host genetic deletion of Nur77 in mice significantly enhanced B16 melanoma cells metastasis to the lung and liver, which was consistent with a recent report that Nur77-deficient mice that specifically lacked "patrolling" monocytes" (PMo) showed increased cancer lung metastasis in vivo [31] . +/+ or Nur77 -/-mice were plated in a chamber for 24 hours, then the migratory cells were stained and observed. Representative images are presented (C; magnification: ×100) and the relative number of migratory cells (D) were counted. Statistical significance was determined by a two-tailed, unpaired Student's t test. **p < 0.01. doi:10.1371/journal.pone.0171347.g004
The role of Nur77 in tumor microenvironment The role of Nur77 in tumor microenvironment A major reason for the ability of Nur77 -/-hosts to enhance tumor metastasis was likely the increased pro-inflammatory response. We recently demonstrated that Nur77 deficiency in elderly mice resulted in systemic inflammation [19] , and lack of Nur77 in mice was associated with increased risk for inflammatory diseases including IBD and sepsis [20, 21] . Here, we further revealed that inflammation caused by Nur77 deficiency in mice contributes to tumor metastasis. TNF-α, a main pro-inflammatory cytokine in the TME, has been proposed to enhance tumor development and progression [8, 9] . One important finding here is that TNF-α was indispensable for cancer cells migration and invasion by Nur77-elicited inflammation. Conditioned media derived from Nur77 -/-peritoneal macrophage (CM2) significantly promotes cancer cells migration and invasion compared with conditioned media derived from Nur77 +/+ peritoneal macrophage (CM1), which is greatly reversed by TNF-α blocking antibody. Wu et al recently reported that the inflammatory TME contributes to breast cancer metastasis through a novel mechanism wherein TNF-α regulates Snail stabilization through the activation of NF-κB pathway [32] . Here, we revealed that CM2 promotes cancer cells to undergo EMT, a crucial event in tumor metastasis. Blocking TNF-α abolished the activity of CM2 in inducing EMT of cancer cells, strengthening the notion that the inflammatory TME plays an important role not only in tumorigenesis, but also in tumor metastasis.
Infiltration by inflammatory and immune cells is a hallmark of malignant tumors that can play a critical role in mounting an antitumor response [33] . Surprisingly, we observed that liver and lung metastases of B16 melanoma in Nur77 -/-mice showed very little inflammatory infiltrate. On the contrary, livers and lungs from Nur77 +/+ mice showed diffuse signs of inflammation. These findings suggest that an inefficient antitumor response due to absence of inflammatory infiltrate might be another driver of tumor metastasis in Nur77-deficient mice. In addition, Nur77-deficient macrophages showed a reduced ability to migrate, whereas overexpression of Nur77 greatly enhanced the migratory ability of macrophages in in vitro wound healing and migration assays, indicating that lack of Nur77 may hinder cell chemotaxis, and thus impairs tumor infiltration. It has recently also been reported that overexpression of Nur77 promotes colorectal cancer cell invasion and metastasis through regulation of MMP-9-dependent E-cadherin reduction. Thus, macrophage migration may share common features with cancer cell invasion and metastasis when Nur77 is overexpressed. Accumulating evidence suggests that CSF-1 and its receptor, CSF-1R, are implicated in tumor development and progression [26, 27] . CSF-1 binds to CSF-1R and sustains inflammatory cell proliferation and motility in TME. Blocking CSF-1 expression in a xenograft model significantly decreased the growth capacity of tumor cells [34] . CSF-1R inhibition, either pharmacologic with CSF-1R-specific inhibitor or genetic downregulation with specific siRNA, blocked migration of macrophage induced by prostaglandin (PGE2) [35] , a key mediator of immunity and inflammation. Interestingly, we here further uncovered that CSF-1R was a novel target gene of Nur77. Using ChIP assays, we determined that Nur77 bound to CSF-1R promoter to enhance its expression in macrophages and monocytes. Notably, Nur77-deficient macrophages or monocytes exhibited low levels of CSF-1R expression. CSF-1R plays an important role in regulating migration of inflammatory and immune cells such as macrophages and lymphocytes [35, 36] . The present results showed that infiltration of macrophages/ DCs and T lymphocytes in the tumors of Nur77 -/-mice was markedly abrogated relative to Nur77 +/+ mice. In vitro studies further reveal that blockage of CSF-1R function using CSF-1R-specific antibody greatly impaired the migratory ability of inflammatory cells. It is here speculated that the low expression of CSF-1R in inflammatory and immune cells likely attenuated their migratory ability and ability to infiltrate into tumor, and thus facilitate tumor metastasis in Nur77 -/-mice.
In summary, we have identified Nur77 as a non-redundant host factor in in vivo anticancer response. Our study provides novel mechanisms through which inflammatory cells promote tumor cells invasion and metastasis. On one hand, Nur77-deficient inflammatory cells secrete TNF-α to drive tumor cells to undergo EMT. On the other hand, lack of Nur77 results in low levels of CSF-1R expression, which reduces the migratory capacity of inflammatory cells and subsequently hinders cell chemotaxis and tumor infiltration. These findings thus highlight the complex role of inflammation in host-tumor interaction. Representative images are presented (C; magnification: ×100) and the relative number of migratory cells was determined (D). Statistical significance was determined using a two-tailed, unpaired Student's t test. ÃÃ P < 0.01. (TIF)
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